Abstract: An iPP-g-St graft copolymer synthesized by free-radical initiated solidstate grafting polymerization of styrene in nascent spherical iPP granules was effectively fractionated by temperature gradient extraction fractionation (TGEF) into fractions of different styrene content. The fractions were characterized by FTIR, All the fractions of the grafting product contain a certain amount of styrene, meaning that almost all the iPP chains in the granules are accessible to the grafting monomer. The internal morphology of the iPP granules is highly porous, which enables the grafting monomer and the radicals to reach at each iPP chain during the polymerization. As styrene content of the iPP-g-St fraction increases, its crystallinity decreases, the size of iPP lamella decreases, and the crystalline morphology becomes more irregular.
Introduction
Isotactic polypropylene (iPP) is the one of the most widely applied commercial polymers. However, its applications in several important fields are limited due to its low surface energy, lack of reactive groups, and poor compatibility with polar polymers. In the past decades, many efforts have been made to overcome these inherent drawbacks through post functionalization of iPP by different methods, such as solution grafting and melt grafting of functional monomers onto the PP chains. [1, 2] Modification of iPP by free-radical initiated solid state grafting [3] [4] [5] [6] [7] has been developed since the 1990's and has attracted much attentions, because in this kind of process, degradation of iPP through ß-scission reaction is greatly depressed comparing to the melt grafting process. The usage of solvent in the solution process can also be avoided in the solid-state grafting. Up to date, many works have been devoted to studies on the effect of monomer loading level, initiator concentration and other reaction conditions on the grafting degree and grafting efficiency of solid-state grafting in iPP [8] [9] [10] [11] [12] [13] .
As it is well known, grafting reactions initiated by free radicals are always accompanied by side reactions like homopolymerization of the monomer, degradation and cross-linking of the matrix polymer. Chain structure of the grafting product is thus highly complicated. To understand the precise structure of the graft copolymer, it is necessary to develop effective methods of purifying and fractionating the grafted product. The knowledge obtained in structure characterization will be helpful to elucidate the mechanism of grafting reactions and the structure-property relationship of the graft copolymer.
F. Picchioni et al [11, 12] studied fractionation of PP-g-St copolymer by successive solvent extractions in the following procedure: extraction with boiling dichloromethane (CH 2 Cl 2 ) to remove the styrene homopolymer and extraction with boiling n-octane to dissolve the PP-g-St copolymer chains as well as unreacted iPP chains. However, after fractionation of the grafting product in such a procedure it is not clear that if there are still un-grafted iPP chains in the product. Studies on composition distribution of PP-g-St copolymer synthesized by solid-state grafting have not been reported in literature.
In the early 1990s Montell developed the so-called Hivalloy products, which are produced by solid-state grafting of vinyl monomers in iPP granules synthesized by spherical Z-N catalysts [14] [15] [16] [17] [18] [19] [20] . It has been found that nascent iPP granules synthesized by spherical Zeigler-Natta catalyst are in the form of regular spheres (usually 1-5mm in size) and are highly porous. This kind of solid-phase structure of iPP is especially beneficial to solid-state grafting polymerization of a second monomer in the granules. The specific external surface area of the spherical granules is much smaller than irregular iPP fine particles (usually <1mm in size) produced by conventional non-spherical catalysts, which lowers the risk of particle coagulation when high loading of graft monomer is adopted. However, questions may arise as to, if all the iPP chains in such large granules can be reached by the grafting monomer, and how the composition distribution of the final product will be like. In this work we try to determine the chemical composition distribution (CCD) of a PP-g-St grafting copolymer based on spherical iPP reactor granules by a temperature gradient extraction fractionation (TGEF) procedure. This procedure has been successfully used to study the CCD of propylene copolymers [21] . The TGEF fractions are characterized by FTIR, 1 H-NMR, DSC, WAXD and PLM, and the morphology of the grafting product is analyzed.
Results and discussion
An iPP-g-St sample was prepared by solid-state grafting of St in nascent iPP spherical granules, and was fractionated by TGEF into five fractions. The iPP used for the grafting was also fractionated by the same extraction procedures. The grafted product was completely soluble at 105 0 C (no fraction was collected at 110 0 C). The absence of gel implies that cross-linking in the grafting polymerization is negligible. The fraction distributions of the samples are shown in Fig.1 and Table 1 . It can be seen that the 105 0 C fraction accounts for about 85 wt% of the iPP sample, whereas the fractions of the iPP-g-St sample are widely distributed in 25~105 0 C, in which the 25 0 C and 90 0 C fractions are the main components. By comparing the fraction distributions of iPP-g-St and iPP, we can find that the distribution of iPP-g-St has been shifted to lower temperature. From this experimental phenomenon, we postulate that in iPP-g-St the linear iPP sequences available for producing thicker lamella may be broken by the grafting of PS side-chains, thus increasing the solubility of the iPP-g-St chains and making it soluble at lower temperature.
Tab.1. Composition distribution of the grafting product. According to equation (1), the grafting degree (shown in Table 1 ) is 8.6 wt%, 6.2 wt% and 4.0 wt% for the 70 0 C, 90 0 C and 105 0 C fractions, respectively. 1 H-NMR spectra of some fractions were also measured to further confirm the results of FTIR. As shown in Fig.3 , the small peaks corresponding to the aromatic protons of styrene units are visible at 6.5-7.2 ppm in the spectra. The grafting degree based on NMR data was calculated from the peak intensities of both the aromatic protons (δ = 6.5-7.2 ppm) and the methyl protons (δ=0.6-1.1 ppm). It turns out that the 70, 90 and 105 0 C fractions contain 30, 12 and 9 styrene units per 1000 propylene units, respectively. In comparison, the DG data determined by FTIR are higher than that of 1 H-NMR. But both FTIR and 1 H-NMR analysis have proven that, beside the ungrafted PS fraction, all the fractions of grafting product contain a certain amount of PS segments. This means that almost all the iPP chains of a spherical granule can been involved in the grafting reaction. It can also be found that the DG of iPP-g-St fraction decreases with the increasing extraction temperature, meaning that TGEF can effectively fractionate iPP-g-St copolymer according to difference in grafting degree. It should be noted that the grafting degree of iPP-g-St studied here is rather low. This may be related to the very short half-life of the initiator, BPO, at 130 0 C. Because only a small portion of styrene was polymerized when the initiation process stopped in several minutes, thermal initiation may play an important role in the later polymerization stage, which leads to mainly styrene homopolymer. As reported in our previous work, [13] using initiator of higher dissociation temperature can improve the grafting degree of such a solid-state grafting polymerization process. Decrease of the iPP melting temperature after grafting again proves that almost all the iPP chains in this fraction contain a certain number of graft chains, because the crystallizable iPP segments will be shortened by the grafts and their lamella will melt at lower temperature. The melting curve of the 90 0 C fraction of iPP showed only a melting peak at 160 0 C. However, the melting curve of the 90 0 C fraction of iPP-g-St showed a main melting peak at 156 0 C and several shoulder peaks at lower than 146 0 C. In addition, the melting curve of 70 0 C fraction of iPP-g-St showed several melting peaks at lower than 146 0 C. The 25 0 C fraction of iPP-g-St is almost completely amorphous, though a small endothermic peak appeared at at 97 0 C, which should be caused by small amount of PP chains with low isotacticity. So the 25 0 C fraction is composed of polystryene mixed with some PP of low isotacticity. According to A. J. Muller [22, 23] , melting temperature of a crystalline polymer is a function of the mean lamellar thickness, which is also proportional to the length of crystallizable segments. Therefore, the multiple melting peaks observed in the fractions of iPP-g-St reflect the distribution of grafting degree. The iPP main-chain in iPP-g-St copolymer of higher DG will be interrupted by the side-chains into shorter segments, and form thinner lamella during the crystallization process. The melting thermograms of the iPP-g-St fractions further prove that the graft copolymer can be fractionated according to DG by the TGEF method. Table 2 summarizes the results of thermal analysis of the fractions. It is seen that the total melting enthalpy of the fraction of iPP-g-St decreases with decrease of the extraction temperature, reflecting the lower crystallinity of iPP-g-St fraction with higher grafting degree. Wide angle X-ray diffraction (WAXD) analysis of the fractions was also performed to study their crystalline structure in detail (see This new peak can be ascribed to (130) crystal plane of γ-form iPP crystal, demonstrating that the 90 0 C and 70 0 C fractions are mixture of α-form and γ-form crystals. Lattice defects caused by the grafted side-chains should be the main reason for the formation of γ-form crystal. The 25 0 C fraction is almost pure atactic PS and thus shows no diffraction peaks. The crystallinity of each fraction has been measured by WAXD and listed in Table 2 . The crystallinity of 90 0 C and 105 0 C fractions of iPPg-St is much lower than that of the corresponding iPP fractions. Two factors may be considered as the reasons for the decrease in crystallinity. One is shortening of the iPP segments by the PS side-chains, and the other is intervention of iPP crystallization by the side chains due to their steric hindrance.
The morphologies of the crystalline phase of the iPP-g-St fractions as well as the iPP fractions were observed by polarized light microscopy (see Fig.6 ). The PLM photographs of the iPP fractions show clear spherulite morphology whereas in the 70 and 90 0 C iPP-g-St fractions, no regular spherulites can be observed. These results also prove that the crystallization of iPP main-chain can be strongly influenced by the grafted PS side-chains, even though the side-chain accounts for less than 10 wt% of the whole polymer. The above mentioned results implies that almost all the iPP chains are grafted with PS side-chains after solid-state grafting polymerization of styrene in nascent iPP granules. To find out the reason for such a high accessibility of the iPP chains to styrene, the external and internal surface morphologies of both nascent iPP granule ( Fig.7.a,b) and nascent grafting product granule (Fig.7.c,d) were observed by SEM. It can be seen that both the external and internal surfaces of nascent iPP granules are highly porous, which is beneficial to sorption and diffusion of styrene and the free radicals. It is therefore not strange that all the iPP chains in the granule are accessible to the grafting monomer. After the grafting polymerization, both the external and internal surfaces of the granule became smoother, suggesting that the product of styrene polymerization has filled the pores in the granules. After extracting the granule of grafting product with boiling ethyl acetate, the surfaces (Fig.7 .e,f) became rough and porous again, because the free PS chain were removed. It is easy to find that the pores in the grafted granules are smaller than those in nascent iPP granules, especially for the internal surface. This suggests that the main sites for the grafting polymerization are the internal surfaces in iPP granules. Because of high porosity of the iPP granules, the internal surface is much larger than the external surface. This is especially beneficial to large-scale and continuous production of iPPg-St graft copolymer by solid-state grafting process, as only a small part of PS will be attached to the external surface of the granules, thus preventing aggregation of the product particles.
Conclusions
In conclusion, iPP-g-St graft copolymer synthesized by free-radical initiated solidstate grafting polymerization of styrene in nascent spherical iPP granules can be effectively fractionated by TGEF method into fractions of different styrene content. With xylene as the solvent, the fraction extracted at room temperature (25 0 C) is homopolymer of styrene, and the fractions collected at 70, 90, and 105 0 C are iPP-gSt graft copolymer with decreasing degree of grafting. All the fractions of the grafted product contain a certain amount of styrene, meaning that almost all the iPP chains in the granules are accessible to the grafting monomer. The highly porous internal morphology of the iPP granules enables the grafting monomer and the radicals to reach at each iPP chain during the polymerization. As styrene content of the iPP-g-St fraction increases, its crystallinity decreases, the size of iPP lamella decreases, and the crystalline morphology becomes more irregular.
Experimental part

Preparation of grafting copolymer
Nascent spherical iPP granules with porosity of about 23% and diameter of 1.43 ~2.0 mm (kindly provided by Sinopec) were used as matrix for grafting polymerization. The iPP sample has a weight average molecular weight of 4.5 × 10 5 and polydispersity index of 5.3. The grafting reaction was carried out in a Schlenk flask equipped with mechanical stirrer. Benzoyl peroxide (BPO, recystallized from chloroform/methanol) was used as initiator. Styrene was purified by distillation under reduced pressure before use. According to the designed ratio, 10.0g iPP granules were charged into the reactor. After three thaw-vacuum treatments, a solution of 0.3g BPO in 5.0 ml styrene was injected into the reactor by syringe and pressurized with nitrogen. Then the content was stirred for 60 min at 60 0 C to ensure complete sorption of the liquid phase into the granules. The reactor was then quickly heated to 130 0 C and maintained for 2 h to initiate the grafting reaction. The product was then washed with mixture of ethanol/n-pentane to remove the residual styrene in the granules, which were still in spherical morphology. The product was then dried in vacuum for 12 hours at 80 0 C.
Fractionation of grafting product
A modified Kumagawa extractor was used to carry out temperature gradient extraction fractionation (TGEF) of both the grafting product and the nascent spherical iPP used for the grafting reaction. Xylene was used as solvent to successively extract the sample at different controlled temperatures. Five fractions were collected by extracting about 3 g of either iPP-g-St or iPP samples at 25, 70, 90, 105 and >110 0 C, respectively. Each extraction step took 12 h. The extraction solutions were all concentrated and poured into excess ethanol to precipitate the polymer, and purified fractions were obtained by washing with ethanol and drying in vacuum. The DG of was determined by using a calibration curve shown in Fig. 8 . The calibration curve was obtained by the following procedure: weighed iPP and PS (prepared by free-radical polymerization of styrene) were dissolved in boiling xylene and the solution was cast on dry KBr plate. After quickly evaporating the xylene, the spectra of the iPP/PS blends were recorded. The following calibration equation was then obtained by linear fitting of the experiment data:
Measurements
here y is the ratio between the peak area of the bands at 700 cm -1 (assigning to out-of -plane bending mode of the aromatic C-H) and 808 cm -1 (assigning to the CH 2 and CH rocking of PP) [24, 25] , x is the ratio of the weight of PS and that of iPP. 1 H-NMR spectra of the fractions were measured on a Varian Mercury Plus 300 NMR spectrometer. O-Dichlorobenze-d4 was used as solvent to prepare each fraction solution of about 10% (wt/v). The spectra were recorded at 120 0 C, with hexamethyldisiloxane as internal reference.
Thermal behavior of the fractions of nascent iPP and the grafted product were examined by differential scanning calorimetry (DSC) on a Perkin-Elmer Pyris1 DSC instrument under nitrogen atmosphere. About 5 mg of sample was sealed in an aluminum sample crucible and annealed at 150, 140, 130, 120, 110, 100, 90, 80, 70, 60 and 50 0 C, 12 hours at each temperature, under nitrogen protection. Then the DSC scan was recorded at a heating rate of 10ºC/min from 30 to 180 0 C. Multistep annealing of the samples ensured that the iPP segments of different lengths form lamella of different thickness.
Wide angle X-ray diffraction (WAXD) studies of the fractions were performed on a Rigaku Max-ra X-ray diffractometer using Ni-filtered Cu Ka radiation at room temperature. The sample plate was prepared by hot pressing at 160 0 C, holding at 180 0 C for 5min, and then annealed at 150, 140, 130, 120, 110, 100, 90, 80, 70, 60 and 50 0 C respectively, 12 hours at each temperature.
Polarized light microscopy PLM photographs were obtained on an Olympus Bx51 microscope. The sample was prepared by hot pressing at 160 0 C, holding at 180 0 C for 5min, and then annealed at 150, 140, 130, 120, 110, 100, 90, 80, 70, 60 and 50 0 C respectively, 12 hours at each temperature.
Morphologies of the outer surface as well as internal surface exposed by cryofracturing of the granules of both nascent iPP and grafting product were observed with a JSM-5510LV scanning electron microscopy (JEOL). All the samples were gold-plated before SEM analysis.
